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 Cascaded Multi-Core Vapor Chambers for Intra-Package Spreading of High Power, Heterogeneous Heat Loads 
 
Soumya Bandyopadhyay, Amy M. Marconnet, Justin A. Weibel 
 
Abstract—A cascaded multi-core vapor chamber (CMVC) is 
designed for dissipating heat from high-flux hotspots 
simultaneously with a high-total-power background. Current 
thermal management strategies rely on spreading high local heat 
fluxes by conduction in the lid of electronics packages. Embedding 
vapor chambers within the lid is an attractive option to directly 
address intra-package hotspots. We investigate the design of intra-
lid vapor chambers, for a generic device having a total heat load 
of 476 W having a background heat flux of 0.75 W/mm2, with 
hotspots of 8 W/mm2 over a 1 mm2 area. A conventional vapor 
chamber design, having a single vapor core, will require a thick 
evaporator wick to avoid the capillary limit for large total power. 
The necessity for a thick wick then imposes a large thermal 
conduction resistance when the vapor chamber is exposed to high 
heat flux hotspots. The proposed CMVC architecture aims to 
address this limitation. The cascaded architecture comprises a 
bottom-tier vapor chamber having an array of multiple small 
vapor cores for spreading heat from the small hotspots. These 
small vapor cores have short paths of liquid return to the 
evaporator, such that they can handle their footprint heat load 
while using thin wicks, resulting in a low hotspot thermal 
resistance. Furthermore, local dampening of the hotspots by the 
bottom tier then reduces the thermal conduction resistance across 
the necessarily thick wick in the top tier. Hence, the cascaded 
architecture has the potential to significantly reduce the overall 
thermal resistance, relative to a single tier. To substantiate this 
design rationale, experiments are performed to illustrate that the 
resistance of a commercial vapor chamber can be significantly 
reduced by interfacing the heat source with an intermediate heat 
spreader. Reduced-order models are then used to understand the 
effect of the wick properties (porosity and particle size) and 
geometric parameters on the thermal performance of the CMVC 
for the representative power map. The optimal CMVC design 
offers a thermal resistance (0.66 K/W) that is significantly lower 
compared to a conventional single-core vapor chamber (1.76 K/W) 
owing to a reduction in the conduction resistances across the 
internal wicks. That parametric optimization results demonstrate 
that the thermal resistance of the CMVC is more sensitive to the 
wick porosity compared to the particle diameter. Furthermore, 
there exists a wide range of wick properties and vapor core sizes 
for which near-optimum thermal performance can be attained, 
which is particularly attractive from the standpoint of flexibility 
in design and manufacturing. 
 Index Terms—Heterogeneous integration; electronics 
packaging; vapor chamber; capillary limit; cascaded multi-core 
vapor chamber (CMVC) 
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NOMENCLATURE 
A  cross-sectional area 
D  particle diameter 
d  equivalent diameter 
e  porosity 
h  heat transfer coefficient 
hl,v   latent heat of vaporization 
K  wick permeability 
k  thermal conductivity 
M  figure of merit for a vapor chamber 
P  pressure 
Q  heat input 
R  thermal resistance 
r  pore radius 
T  temperature 
Tf,in  recirculating bath fluid temperature 
Tinf  inlet air temperature to the heat sink 
t  thickness 
x  length 
Greek Symbols 
ρ  density 
σ  surface tension  
µ  dynamic viscosity  
 
Subscripts 
b  bottom tier of CMVC 
l             liquid  
cap  capillary limit 
chs  core over hotspot 





The next revolution in thermal packaging will be the 
heterogeneous integration of multiple different components and 
devices into a single package for enhanced functionality. This 
new packaging paradigm will exacerbate the non-uniformity of 
package-internal heat generation, requiring novel thermal 
solutions capable of spreading heat from the internal dies that 
have a high total peak power simultaneous with extreme local 
heat fluxes. The device performance is significantly affected by 
internal package thermal resistances and heat spreading from 
local hotspots. In typical heterogeneous 2.5D packages, the 
package lid must effectively spread heat from the internal die.  
Vapor chamber devices passively spread heat from a 
concentrated input area (the evaporator) to a comparatively 
larger area (the condenser), where the heat is then dissipated to 
a heat sink or cold plate. Vapor chambers comprise a sealed 
cavity lined on the inside by capillary porous wick structures 
that passively pump an internal working fluid. Liquid 
continuously provided to the evaporator wick evaporates as it 
receives heat from the source. The vapor thus generated at the 
evaporator flows through the inner core and condenses on the 
condenser wick. Ultimately heat is dissipated from the 
condenser side to the heat sink. This passive two-phase cycle 
transports heat at a smaller temperature difference relative to 
conduction and spreading in solid heat spreaders. 
Consequently, vapor chambers have been employed in 
numerous thermal management applications spanning a wide 
range of form factors and power levels. Hence, the development 
of vapor chamber concepts appropriate for integration into 
high-power heterogeneous packages, specifically to address the 
outstanding challenge of hotspots, may enable reliable 
operation even with the continued rise in the thermal design 
power of next-generation electronics [1]. 
There have been extensive recent investigations focusing 
on the design of evaporator wick structures inside of a vapor 
chamber to address the removal of high heat fluxes over 
differing heat input areas, as reviewed by Weibel and Garimella 
[2]. Monoporous wicks, sintered metal powders, and screens 
generally provide higher capillary pressure head and effective 
thermal conductivities relative to other conventional wick 
structures [3]. Weibel et al. [4] explored the dependence of wick 
thickness and particle size on the thermal performance of 
monoporous sintered powder wicks under capillary-fed 
evaporation and boiling, with the experimental demonstration 
of the dissipation of heat fluxes of > 500 W/cm2. Li et al. [5,6] 
identified and investigated the critical parameters governing the 
two-phase heat transfer from sintered copper screen meshes. 
Chen et al. [7] experimentally studied the influence of the 
charging quantity of the working fluid on the relative thermal 
performance of aluminum vapor chambers with sintered 
powder and radially groove wicks. 
Several studies have focused on the development of wick 
structures for dissipation of a high total power over relatively 
large evaporator areas at uniform heat fluxes. Hwang et al. [8] 
placed multiple wick columns connecting the condenser to the 
evaporator in a vapor chamber to spread ~380 W/cm2 from a 
heat input area of 1 cm2, with a surface superheat ~ 20 K. 
Hybrid evaporator wicks designed and experimentally 
characterized by Ju et al. [9] dissipated heat fluxes exceeding 
375 W/cm2 over a 4 cm2 evaporator area, achieved by 
integrating a network of high-permeability liquid supply 
structures with sintered copper monolayer wicks. Weibel et al. 
[10] examined grid-patterned sintered wick structures for 
removal of heat fluxes exceeding 500 W/cm2 over a 0.25 cm2 
evaporator area. This study demonstrated the reduction in 
effective thermal resistance due to boiling incipience, and 
operating in a capillary-fed regime, compared to evaporation. 
Semenic et al. [11] experimentally demonstrated the dissipation 
of 520 W/cm2 originating from a ~0.3 cm2 evaporator using thin 
biporous sintered wicks, at a surface superheat of 50 K. 
Recently, Sudhakar et al. [12,13] demonstrated a two-layer 
evaporator wick designed for dissipating high heat fluxes of 512 
W/cm2 from a comparatively larger heat input area of 1 cm2 
while maintaining a thermal resistance of 0.08 K/W. 
Alternatively, several studies have explored wicks that are 
effective in dissipating extremely high heat fluxes from smaller 
hotspot areas. Cai and Bhunia [14] showed that heat flux 
densities of 770 W/cm2 were dissipated over 0.04 cm2 s a 
surface superheat of ~35 K using striped carbon nanotube 
(CNT) bi-porous structures. The dissipation of even higher heat 
fluxes of 938 W/cm2 over 0.04 cm2 was subsequently 
demonstrated using bi-porous CNT wicks [15]. However, as the 
heated area was increased up to 1 cm2, the dry out heat flux 
reduced significantly to 195 W/cm2. Palko et al. [16] showed 
that copper inverse opal wicks were capable of dissipating 
extremely high heat fluxes > 1200 W/cm2, albeit over a very 
small area of ~0.006 cm2, during capillary-fed boiling. The 
study revealed that fine (5 µm) wick features enabled extremely 
low superheats < 10 K at these extreme heat fluxes, but limited 
the areas over which they could operate due to their low 
permeability. 
Despite practical relevance, a noteworthy omission from 
past literature is the design and development of evaporator 
wicks and vapor chambers designs with the express purpose of 
managing power maps that include both high total powers (over 
large areas) and small hotpots, appearing simultaneously. Our 
recent work introduced the concept of an intra-lid cascaded 
multi-core vapor chamber (CMVC) [17] to spread large total 
heat loads from the entire die area, while also minimizing the 
temperature rise associated with high heat flux hotspots. The 
current work performs a detailed design optimization of the 
CMVC to evaluate the performance sensitivity to a range of 
parameters and thereby offers new insight into the flexibility of 
design in the context of manufacturing and subsequent intra-lid 
integration in an electronic package. Separately, new 
experiments are performed to demonstrate that the thermal 
resistance of a given commercial vapor chamber can be reduced 
by interfacing it with another vapor chamber placed directly 
over the heat source. This demonstration confirms one of the 
principal elements motivating the design of the CMVC, that a 
performance improvement can be achieved in the top-tier via a 
reduction in the conduction resistances across the internal wick. 
The reduced-order thermal model is then used to optimize the 
design of the CMVC and compare its thermal resistance to a 
conventional vapor chamber and a solid copper benchmark. 
Finally, we examine the relative sensitivity of the various 
design parameters towards gaining an understanding of the 
potential range of parameters that can yield near-optimal 
thermal performance. 
II. CASCADED MULTI-CORE VAPOR CHAMBER 
The intra-lid CMVC concept [17], as depicted in Fig. 1, 
decouples the spreading of the total background die power from 
that of individual hotspots using two cascaded tiers: a top-tier 
single vapor core for bulk heat spreading and a bottom-tier, 
multi-core vapor chamber for damping of local hotspots that 
may appear anywhere over its footprint. It is important to note 
that while both the tiers are thermally coupled, they are sealed 
off from each other and hydraulically independent. The top tier 
effectively serves as a conventional vapor chamber that spreads 
the total heat load to the significantly large base area of the 
mounted heat sink. The bottom tier (see Fig. 1 inset), which 
covers the heat source area, contains an array of smaller vapor 
cores that are designed to spread the high heat fluxes originating 
from the individual hotspots to a slightly larger area. Coverage 
of the heat source with multiple vapor cores ensures that a 
hotspot formed in any location will be spread out by the core 
above. The small size of each core appreciably reduces the 
pressure drop of the recirculating working liquid by minimizing 
the flow length from its condenser to the evaporator. 
Consequently, each core in the bottom tier can sustain operation 
at the same capillary-limited heat load as the top tier, but with 
significantly thinner wicks. The bottom tier thus attenuates the 
high hotspot fluxes while imposing a small conduction 
resistance across the thin wicks before heat is transferred into 
the top tier, which requires thicker wicks to manage the total 
heat load within the capillary limit. This paper explores, using 
a reduced-order modeling framework, design optimization of 
the CMVC to minimize its thermal resistance when subjected 
to a nonuniform power map having a high total background heat 
load with high heat flux hotspot. The optimized CMVC thermal 
resistance is compared to that of a solid copper heat spreader 









Fig. 1. Schematic cross-sectional drawing (not to scale) of the cascaded multi-
core vapor chamber with inset magnified view of the bottom tier having an 
array of small vapor cores. Note the background heat input is over the entire 
width of the bottom tier (light pink bar) and dark red portions indicate 
localized smaller hotspots. 
III. MODELING AND DESIGN APPROACH 
A reduced-order model evaluates the thermal resistance of 
different candidate intra-lid heat spreaders: a solid copper 
benchmark, a conventional vapor chamber, and the CMVC, as 
introduced in Fig. 2 (adapted from [17]).  
For a fair comparison, the available design envelope and 
power map are kept fixed across all heat spreaders, while the 
remaining free design parameters are optimized independently 
for each spreader type. The available design envelope 
constrains the spreaders to have a maximum through-plane 
thickness (t) of 2 mm within a square cross-section having an 
edge length (xsp) of 55 mm. They are all subjected to the same 
representative nonuniform power map from a square die having 
an edge length (xdie) of 25 mm. A hotspot heat load (Qhs) of 8 
W over 1 mm2 (denoted by dark red) is located in the center of 
the die, and the remaining area has a uniform background flux 
of 0.75 W/mm2 (denoted by light pink). For the CMVC, the 
hotspot is centrally located underneath one of the vapor cores 
of the bottom tier. Because the performance of heat spreaders is 
influenced by the value of the thermal resistance to heat 
rejection, for purposes of this analysis, this value is calculated 
assuming the performance of a typical air-cooled heatsink [18] 
attached to the heat spreader using a high-performance thermal 
interface material. The external thermal resistance (Rext = 0.15 
K/W) from the spreader-TIM interface to the reference 
temperature (Tinf = 300 K) is calculated as:                                                                                  
                                 .ext TIM convR R R= +                                 (1) 
This thermal resistance results in an effective heat transfer 
coefficient (h) of 2250 W/m2K at the spreader-TIM interface. 
The temperature at the spreader-TIM interface can be computed 
from the total die heat load (Qdie), as: 
                               , .cond t inf die extT T Q R= +                          (2) 
Details of the reduced-order modeling approach, design of the 
wick thickness, and the parametric optimization approach are 























Fig. 2. (a) Cross-sectional and bottom view schematics of heat transfer 
problem. The die consists of a region with a low background heat flux (light) 
with a small hot spot at the center (dark). The dashed gray box illustrates the 
location for one of three heat spreading solutions ((b) solid copper, (c) 
conventional single-core vapor chamber, and (d) cascaded multi-core vapor 
chamber (CMVC), shown as cross-sections) that spread heat from the die to 
the heat sink (modeled with a heat transfer coefficient and free stream 
temperature). Wicks are illustrated with hashed regions in the cross-sectional 
schematics in panels b-d. All parameters varied during the parametric design 
optimization are shown, including the fixed equivalent design envelope 
parameters (devap, dcond, and t). In panel (d), the inset shows a magnified view 










A. Reduced-order model 
The heat spreaders are modeled as cylindrical disks with 
effective radii that yield the same equivalent heat input and 
condenser areas as the rectangular geometry. The solid copper 
heat spreader resistance due to conduction is calculated as a 
function of the geometry and boundary conditions using the 
correlations provided by Song et al. [19]. The vapor chamber 
thermal resistance for a given uniform heat input is estimated 
based on one-dimensional conduction across the wicks and the 
temperature drop across the vapor core due to the saturation 
pressure difference (for details, refer to Ref. [20]); the 
resistance due to phase change at the interface is neglected. For 
evaluation of the vapor pressure drop, the thermophysical 
properties are taken at the temperature corresponding to the 
spreader-TIM interface. 
For the given non-uniform power map, the maximum die 
temperature and the corresponding thermal resistance will 
occur at the hotspot location. To calculate the maximum 
thermal resistance for the solid copper and the conventional 
vapor chamber (Rsp), the total heat load of the power map is 
decomposed into a 468.75 W heat input (Q1) at a uniform flux 
of 0.75 W/mm2 over the entire die area and a 7.25 W heat input 
(Q2) over the 1 mm2 hotspot. The total temperature difference 
between the hotspot and the spreader-TIM interface (∆Ths) is 
computed from the thermal resistances associated with the  
decomposed heat inputs, respectively R1 and R2 as estimated 
from the reduced-order models, using the principle of linear 
superposition: 
                             .hs 1 1 2 2T Q R Q R = +                           (3) 
This net hotspot temperature difference (∆Ths) and the heat load 
at the hotspot (Qhs) are employed to compute the maximum 
spreader resistance as: 








=                                  (4) 
For the bottom-tier core that is located directly over the hotspot 
of the die, it is considered that the total heat input to this core is 











uniform heat flux into the top tier evaporator wick dictated by 
the cross-sectional area (Acond,b) of the bottom-tier core. Fig. 3 
shows the cross-section of the CMVC with the heat flow paths 
and the heat loads in each tier. The maximum thermal resistance 
for the bottom tier (Rsp,b) is computed by decomposing the total 
heat load (see Fig. 3) handled by this particular vapor core into 
a heat input (Q1,b) distributed uniformly over the entire vapor 
core at 0.75 W/mm2 and the concentrated heat input (Q2,b) of 
7.25 W over the 1 mm2 hotspot. The respective thermal 
resistances, R1,b and R2,b, as computed from the reduced-order 
models, are employed to estimate the total difference between 
the temperatures of the hotspot (Ths) and the condenser side of 
the bottom-tier core (Tcond,chs), as: 
                            , .hs cond chs 1,b 1,b 2,b 2,bT T Q R Q R− = +            (5) 
This net temperature difference and the total heat input at the 
hotspot (Qhs) are employed to compute the resistance of the 
bottom tier as: 










=                           (6) 
This net temperature difference and the total heat input at the 
hotspot (Qhs) are employed to compute the resistance of the 
bottom tier as: 
                            , , .cond chs cond t 1,t 1,t 2,t 2,tT T Q R Q R− = +                  (7) 
This temperature difference and the heat load for the hotspot 
(Qhs) are employed to compute the thermal resistance of the top 
tier as: 
                            
, ,
.







=                          (8) 
To evaluate the maximum spreader thermal resistance (Rsp) for 
the CMVC using Eq. (4), the net temperature difference 
between the hotspot and the CMVC condenser (∆Ths) is 
calculated as: 
                            ( ), , , .hs hs cond t hs sp b sp tT T T Q R R = − = +          (9) 
 
Fig. 3. Schematic cross-section of the cascaded multi-core vapor chamber (CMVC) depicting the heat flow paths and the heat loads through the bottom tier 
cores (magnified view) into the top tier, illustrating the principle of superposition. 
B. Design of wick thicknesses 
The vapor chamber wicks are designed to have the 
minimum possible thickness without reaching the capillary 
limit at the required total heat load; this corresponds to the 
possible conduction thermal resistance. This minimum wick 
thickness for a given vapor chamber (or individual core within 
the bottom-tier array) is dictated by the balance between the 
total liquid pressure drop (∆Pl) and the available capillary 
pressure (∆Pcap). The liquid pressure drop (∆P) for a given 
uniform heat input (Q) over the entire evaporator area is 
estimated by considering a one-dimensional radial flow through 
the evaporator and the condenser wicks according to Darcy’s 
law for porous materials: 
                   
,
ln .l cond
l v l cap evap
Q d
P 1




  = + 
  
  
            (10) 
For the representative nonuniform power map, the liquid 
pressure drops (∆P1) and (∆P2) are respectively computed using 
Eq. (10) from the decomposed uniform heat inputs Q1 and Q2 
defined in Section 3.1. The total pressure drop of the liquid, 
employing the principle of linear superposition, is estimated as: 
                                    .l 1 2P P P =  +                               (11) 
The driving capillary pressure head is computed from an 
effective pore radius of the wick and assuming perfect 
wettability as:  








 =                                  (12)   
Owing to their high capillary pressure and effective thermal 
conductivity, this study considers sintered copper particle 
wicks. The effective pore radius (reff) and the permeability (K) 
of the wick can be estimated [3] as a function of the wick 
porosity (e) and the particle diameter (D), as:  
                                   . ,effr 0 21D= and                                    (13) 
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The capillary-limit-governed thickness of the wick (tcap) is 
obtained by equating ∆Pl to ∆Pcap, and depends on the ratio of 
the effective pore radius and the permeability of the wick: 
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                             (15) 
where, Ml = (ρlσlhl,v)/µl, is the liquid figure of merit. An 
additional constraint is imposed to ensure that the sintered 
copper wicks have a minimum thickness of at least three 
particle diameters. Hence, the designed wick thickness (twick) 
becomes set based on the maximum of either the capillary-
limited thickness or this three-particle constraint: 
                               max( , 3 )wick capt t D= .                              (16) 
For the CMVC, this same design approach has been adapted 
to the individual tiers by calculating the total pressure drop 
(∆Pl,b) in the bottom tier using the decomposed heat inputs Q1,b 
and Q2,b defined in Section 3.1, and equating to the capillary 
pressure (∆Pcap,b) to design the wick thickness (twick,b). 
Separately, the balance between the capillary pressure (∆Pcap,t) 
and the total liquid pressure drop (∆Pl,t) in the top tier, 
computed with Q1,t and Q2,t, is used to design the wick thickness 
in the top tier (twick,t). 
C. Parametric design optimization 
For each heat spreader type, a parametric optimization is 
performed to minimize the thermal resistance (Rsp) for the same 
equivalent cylindrical design envelope dimensions (dcond, t) and 
power map. Fig. 2 shows the key parameters that are varied for 
the solid copper, the conventional vapor chamber, and the 
CMVC. 
The thermal resistance of the solid copper heat spreader is 
governed by only its thickness (t) and cross-sectional area. The 
minimum resistance is obtained for the trivial case where 
copper occupies the entire design envelope.  
For the vapor chambers, water is considered as the working 
fluid. Furthermore, the thickness of copper walls is neglected 
for the vapor chambers, such that the vapor core and wick 
occupy the entire design envelope when comparing their 
performance with the solid copper. As described in Section 3.1, 
the total thermal resistance is dictated by one-dimensional heat 
conduction across the wicks and heat spreading in the vapor 
core. Because the wick thickness is minimized (as described in 
Section 3.2), this determines the vapor core thickness and the 
associated thermal resistance. The thermal resistance resulting 
from heat conduction in the wicks (Rwick) is determined by the 
effective thermal conductivity of the sintered copper powder, 
the designed wick thickness, and the area corresponding to a 
given heat load (Ahl); because the designed wick thickness is 
constrained per Eq. (16), these conduction thermal resistances 
are inherently a function of the porosity, particle diameter, and 
permeability, as: 
                        ( , , ).wickwick
wick hl
t
R f e D K
k A
= =                      (17) 
For the conventional vapor chamber, because there is only a 
single core, the designed wick thickness (twick) sets the vapor 
core thickness based on the available total design envelope 
thickness (t). The vapor core thermal resistance accounts for the 
in-plane heat spreading and the associated three-dimensional 
variation in temperature. For the design envelope thickness and 
power map considered in this study, it has been experimentally 
demonstrated [17] that the thermal resistance resulting from the 
difference in saturation pressure in the vapor core (Rvap) is 
always orders lower than the conduction resistance across the 
wicks and is therefore neglected. For the parametric design 
optimization, the porosity is varied between 0.42 and 0.6, and 
the particle diameter is varied between 5 µm and 75 µm, 
corresponding to the approximate range of reasonable 
parameters for sintered copper wicks.  
 For the CMVC, the parametric investigation is extended to 
allow the thicknesses of the individual tiers (tt, tb) to vary within 
the available design thickness (t). Furthermore, the number and 
diameter of cores (dcond,b) in the bottom tier array are free to vary 
and influence the heat flux levels at the evaporator of the top 
tier, which consequently affects the design of the wick 
thickness (twick,t, twick,b)and the vapor core thicknesses (tt, tb) of 
the individual tiers. The porosities (et, eb) and particle diameters 
(Dt, Db) of the wicks of the individual tiers are varied between 
the same bounds as the conventional vapor chamber. A custom 
MATLAB script executes the reduced-order model throughout 
the design space to identify the parameters which offer the 
lowest thermal resistance. 
IV. EXPERIMENTAL METHODS 
Here, we illustrate the key design rationale behind the use 
of a cascade of stacked vapor chambers through an experiment. 
Specifically, we demonstrate that the thermal resistance of a 
vapor chamber (analogous to the top tier) can be significantly 
reduced by the introduction of a buffer vapor chamber placed 
below to first diffuse hotspots. This is achieved by 
characterizing the thermal resistance of a standalone vapor 
chamber, and the same vapor chamber but interfaced with a 
smaller footprint buffer vapor chamber placed below. Fig. 4(a) 
shows the cross-sections of the standalone and interfaced vapor 
chambers. The testing is performed using commercially 
available vapor chambers having dimensions 90 mm × 90 mm 
× 3 mm (345-1564-ND, Wakefield Vette) and 30 mm × 30 mm 
× 3 mm (Novark). Note these are both commercially available 
vapor chambers and have not been optimized for the cascaded 
multi-core vapor chamber architecture discussed above, and 
thus we term the combination an “interfaced vapor chamber” 
rather than CMVC. 
 
Fig. 4. (a) Schematic cross-sections of the two cases of the heat spreader: a 
standalone regular vapor chamber, and a regular vapor chamber interfaced with 
a buffer vapor chamber. Thermocouples measure the temperature of the 
evaporator of the regular vapor chamber and the cold plate. (b) Section view of 
the experimental facility for characterization of a heat spreader. A copper heater 
block insulated by a ceramic support and PEEK wall provides a uniform heat 
flux to the base of the heat spreader soldered atop. Thermocouples that measure 
the temperature gradient along the centerline of the copper block are used to 
determine the heat flux and temperature at the base of the heat spreader. 
A. Experimental facility 
The experimental facility shown in Fig. 4(b) was 
previously reported in [17] to evaluate the thermal resistance of 
heat spreaders at differing temperatures and heat loads and is 
briefly reviewed here. Vapor chambers are attached to the top 
10 mm × 10 mm surface of an insulated oxygen-free copper 
block, heated by a cartridge heater. The copper block has a rake 
of thermocouples positioned along its centerline to measure the 
heat flux and extrapolate the surface temperature. The vapor 
chambers are attached to the top of the heater block using an in-
house low-temperature soldering process [17]. The condenser 
surface of the top vapor chamber is interfaced with the bottom 
surface of a cold plate (416101U00000G, Aavid Thermalloy) 
via a thermal gap pad (TflexTM HD700, Laird). For the 
experiments with two cascaded vapor chambers, the top vapor 
chamber is interfaced with the buffer vapor chamber using the 
same type of gap pad. Deionized water is pumped through the 
cold plate (insulated on top) with a refrigerating bath circulator 
(RW-0525G, Lab Companion). 
B. Testing procedure 
Experiments are run at an electrical power input 
corresponding to 23.5 W/cm2. The liquid temperature (Tf,in) in 
the refrigerating bath circulator is incremented in steps from 50 
℃ to 80 ℃, and steady-state data are recorded for each step 






acquired at a maximum frequency of 0.33 Hz are averaged over 
30 min (~600 data points) and reported as steady-state values. 
Because the recirculating bath fluid temperature corresponds to 
the mean operating vapor temperature in the vapor chamber, 
this procedure would reveal any influence of the operating 
temperature on the performance. 
C. Data reduction and uncertainty 
All thermocouples used for temperature measurement are 
ice-point-referenced (TRClll, Omega) and calibrated using a 
dry-block calibrator (Jupiter 4852 Advanced, Isotech). The 
temperature gradient measured from the linear fit to the four 
thermocouples inside the copper heater block is employed to 
estimate the actual heat flux and the resulting heat load (Qvc) 
into the vapor chamber. Uncertainty in the measured heat flux 
is estimated to be less than 4% based on the calibrated 
uncertainties in the temperature ( 0.2 ℃) and the location of 
the measurements. All uncertainties are calculated as described 
in Ref. [21]. 
The temperature at the evaporator (Tevap) of the 
conventional vapor chamber is measured by laying a 
thermocouple ( 0.6 ℃) into a shallow groove fabricated on the 
bottom surface of the vapor chamber. The temperature at the 
top surface of the cold plate (Tcp) is estimated from an average 
of four thermocouple measurements distributed over the 
surface. The thermal resistance is then calculated based on the 
difference between the evaporator and cold plate temperatures, 
as: 








=                              (18) 
III. RESULTS 
First, the predictions from the experiments using 
commercial vapor chambers are presented and discussed. Next, 
the reduced-order model is used to explore the effect of the 
porosity and particle diameter on the designed wick thickness 
and the thermal resistance of the top tier and the bottom tier of 
the cascaded multi-core vapor chamber (CMVC). Finally, we 
discuss the relative optimized performance of the solid copper 
benchmark, the conventional single-core vapor chamber, and 
the CMVC, as predicted from the reduced-order model. 
A. Experiment: Influence of buffer vapor chamber 
Fig. 5 shows the measured thermal resistance as a function 
of the recirculating bath fluid temperature for the two test cases 
shown in Fig. 4(a). This measured thermal resistance for both 
the standalone vapor chamber (dashed blue line) and the 
interfaced vapor chamber (dashed green line) is observed to be 
independent of the operating temperature (within the 
uncertainty limits) for the range tested. This is attributed to the 
dominance of the temperature-independent conduction 
resistances across the wicks [17] relative to the vapor core 
thermal resistance. Notably, the vapor chamber thermal 
resistance of 0.52 K/W (corresponding to a temperature 
difference of 9.7 ℃ at the input heat load of 18.5 W) reduces 
significantly when the buffer vapor chamber is introduced to 
0.22 K/W (a difference of 4.0 ℃ at 18.2 W). This indicates that 
the buffer vapor chamber effectively spreads out the heat load 
before it enters the vapor chamber above. This result supports 
the CMVC design rationale, as it confirms the effectiveness of 
the buffer vapor chamber in dampening the heat flux to improve 
the performance of the top vapor chamber, even from this 10 
mm × 10 mm heat input area, and have promise for further 
improvements for smaller hotspots. 
Fig. 5. Thermal resistance for the standalone vapor chamber (VC) compared to 
the performance of the same vapor chamber with the addition of a buffer vapor 
chamber (“interfaced regular VC”). For the interfaced regular VC, the addition 
of the buffer vapor chamber reduces the thermal resistance of the conventional 
vapor chamber and performance is relatively insensitive to Tf,in 
B. Parametric effects on performance: conventional vapor 
chamber 
The contour plots in Fig. 6 (a) and (b) depict the variation of 
the designed wick thickness (twick) and the maximum thermal 
resistance (Rsp) of the conventional single-core vapor chamber, 
respectively, as a function of the wick porosity (e) and the 
particle diameter (D) for the nonuniform power map. In general, 
the designed wick thickness reduces with the decrease in 
particle diameter and the increase in the wick porosity.  
For a given particle diameter, there exists a transitional 
porosity (noted by the white dashed lines) above which the 
designed wick thickness is governed by the particle diameter 
constraint per Eq. (16) (below this line the wick thickness is 
governed by the capillary limit). This is attributed to a reduction 
in the capillary-limit-governed wick thickness (tcap) because of 
the increase in the wick permeability. With an increase in the 
particle diameter, there is a reduction in the driving capillary 
pressure head (∆Pcap)  (see Eq. (12)); furthermore, the wick 
permeability increases (see Eq. (14)) with an increase in the 
particle diameter. Hence, with an increase in the particle 
diameter, the transition of the design from a capillary-limit-
governed wick thickness (twick = tcap) to a particle diameter-



























The thermal resistance (Rsp) of the conventional vapor 
chamber is dominated by the conduction resistance across the 
wicks (~104 times the vapor core thermal resistance). The 
minimum thermal resistance (dashed blue line in Fig. 6(b)) 
corresponding to a given particle diameter occurs at a constant 
value of porosity (e = 0.57) until D = 40 µm. In this region, the 
thermal resistance (Rsp) is determined by conduction across the 
capillary-limit-governed wick thickness. The particular value of 
optimum porosity in this region, which offers the minimum 
resistance, is governed by the tradeoff between an increasing 
capillary-limited wick thickness and increasing wick thermal 
conductivity with porosity. For a given particle diameter greater 
than 40 µm, the designed wick thickness reduces until it 
becomes governed by the three-particle diameter constraint, 
rather than the capillary limit. This reduction in the wick 
thickness dominates over the decrease in wick thermal 
conductivity, with an increase in wick porosity from 0.5 till the 
transitional porosity of 0.57. Consequently, the minimum 
thermal resistance, in this particle diameter-governed region, is 
determined by the wick thickness at the transitional porosity 
(i.e., the blue and white dashed lines overlap). 
This parametric design optimization of the conventional 
vapor chamber yields an optimal porosity (eopt) of 0.47 particle 
diameter (Dopt) of 66 µm, and wick thickness (twick,opt) of 199 
µm having an optimized thermal resistance of 1.76 K/W. At the 
optimum, the thermal resistance is more sensitive to the 
porosity compared to the particle diameter (e.g., increases to 
2.31 K/W versus 1.94 K/W with 10% increase in e and D, 
respectively). The thermal resistance isocontours shown in Fig. 
6(b) reveal that there is a design window of wick porosities and 
the particle diameters for which the thermal resistance of the 
conventional vapor chamber will be near the optimized value 

























C. Parametric effects on performance: CMVC 
Figure 7 show the variation of the designed wick thicknesses 
(twick,t andtwick,b) and the thermal resistances (Rsp,t, Rsp,b) for the 
top and bottom tiers of the CMVC (tt = 1.4 mm, tb = 0.6 mm, 
dcond,b = 5.0 mm), for the nonuniform power map. The specific 
trends within these data follow the same behavior (and 
interpretation) as previously shown for the single-core vapor 
chamber in Fig. 6, but result in different optimal design 
parameters for the CMVC. The optimized thermal resistance 
(Rsp,t,opt = 0.27 K/W; Rsp,b,opt = 0.38 K/W) is obtained for a top 
tier (et,opt = 0.47; Dt,opt = 65 µm; twick,t,opt = 195 µm) thickness 
(tt,opt) of 1.4 mm and an optimal bottom tier (eb,opt = 0.47; Db,opt 
= 13 µm; twick,b,opt = 39 µm) core diameter (dcond,b,opt) of 5.0 mm.  
These optimal wick parameters reveal the need for thinner 
wicks and lower particle diameters for the bottom tier, relative  
to the top tier, to avoid the capillary limit. This is attributed to 
the large total heat loads in the top tier compared to a single 
core of the bottom tier. As in the case of the conventional vapor 
chamber, at the optimal wick parameters, the thermal resistance 
of the individual tiers is more sensitive to the porosity compared  
to the particle diameter, and the thermal resistance isocontours 
shown in Fig. 7(b,d) reveal the design windows of porosities 
and particle diameters for which the thermal resistance of the 


















Fig. 6. (a) Designed wick thickness (twick) and (b) maximum thermal resistance (Rsp) for a conventional single-core vapor chamber as a function of wick 
porosity e and particle diameter D for a total thickness t = 2 mm. The regions (Rg) to the left and right of the white dashed line correspond to the capillary-
limit-governed wick thickness (Rgcap: twick = tcap) and the particle diameter-governed wick thickness (RgD: twick = 3D), respectively. The blue dashed line in 
(b) denotes the porosity e for which the thermal resistance Rsp is minimum for any given particle diameter D. The point of optimal thermal resistance for a 








































The dependence of the thermal resistance (Rsp) of the 
CMVC on the core diameter (dcond,b) is depicted in Fig. 8. Note  
that for each core diameter, the wick porosities (et, eb) and 
particle diameters (Dt, Db) are optimized to obtain the minimum  
thermal resistance. The results in Fig. 8 are evaluated for a fixed 
bottom-tier thickness of 0.6 mm. However, within a given range 
of bottom-tier thickness (~0.4 mm< tb < ~1.2 mm), it was 
confirmed that the optimal thermal resistance (Rsp) of the 
CMVC remains nearly invariant for a given core diameter 
(dcond,b). This is attributed to the dominance of the conduction 
resistance across the wicks relative to the vapor core thermal 
resistance in that range.  
With an increase in the core diameter (dcond,b), there is an 
increase in the optimum thermal resistance of the bottom tier 
(Rsp,b,opt). However, there is a simultaneous reduction in the 
optimum top-tier thermal resistance (Rsp,t,opt) and an increase in 
the heat input (Qchs) at the bottom-tier core above the hotspot. 
Consequently, the optimal core diameter is governed by this 









































performance of the CMVC is not overly sensitive to the core 
diameter for the power map investigated, having a wide range 
from ~3.4 mm < dcond,b < ~7.9 mm where the thermal resistance 
is within 10% of the optimum, which is attractive from a design 
and fabrication standpoint. 
 
(d) 
Fig. 7. (a and c) Designed wick thicknesses (twick,t, twick,b) and (b and d) maximum thermal resistances (Rsp,t, Rsp,b) for the top and bottom tiers of the cascaded 
multi-core vapor chamber as a function of wick porosities (et, eb) and particle diameters (Dt, Db) for total tier thicknesses tt = 1.4 mm and tb = 0.6 mm. The 
regions (Rg) to the left and right of the white dashed lines in (a) and (c) correspond to the capillary-limit-governed wick thickness (Rgcap: twick,t = tcap,t; twick,b = 
tcap,b) and the particle diameter-governed wick thickness (RgD: twick,t = 3Dt; twick,b = 3Db), respectively. The blue dashed lines in (b) and (d) denote the porosities 
(et, eb) for which the thermal resistances (Rsp,t, Rsp,b) are minimum for any given particle diameters (Dt, Db). The points of optimal thermal resistance for the 




Fig. 8. Variation of the maximum thermal resistance (Rsp) of the CMVC with 
the core diameter (dcond,b) for a bottom-tier thickness (tb = 0.6 mm). At each core 
diameter, wick porosities (et, eb) and the particle diameters (Dt, Db) are 
optimized. 
 
Fig. 9 compares the predicted thermal resistance of the 
CMVC to the conventional single-core vapor chamber (VC) 
and solid copper (Cu) benchmark. The thermal resistance is 
largest (7.38 K/W) for the solid copper benchmark, and the 
optimized conventional vapor chamber offers a reduction to 
(1.76 K/W). This is attributed to a significant reduction in the 
thermal resistance of the vapor core, compared to the 
conduction spreading resistance in solid copper. This 
significant reduction in thermal spreading resistance from the 
solid copper to the vapor core is able to overcompensate for the 
penalty of the additional through-plane conduction resistance of 
the porous wicks of the vapor chamber. From the conventional 
vapor chamber to the optimized design of the CMVC, there is a 
further significant reduction in the total thermal resistance to 
0.66 K/W. In the optimized design, the local dampening of the 
hotspot flux densities by the bottom-tier vapor core array results 
in an order of magnitude reduction of thermal resistance from 
1.76 K/W for the conventional vapor chamber to only 0.27 K/W 
(see Fig. 9 inset) for the top tier in the CMVC. The presence of 
multiple cores in the bottom tier results in a high capillary limit 
of individual vapor cores. Consequently, this enables 
significantly thinner wicks having a lowered conduction 
resistance. Hence, the bottom tier can spread hotspots at a low 
thermal resistance of 0.4 K/W. Hence, there is a net overall 
decrease considering both the top and bottom tiers in the 
CMVC. 
Fig. 9. Comparison of the heat spreader thermal resistance for the solid copper 
benchmark (Cu), conventional single-core vapor chamber (VC), and cascaded 
multi-core vapor chamber (CMVC). The inset shows a significant reduction in 
the thermal resistance of the top tier from the conventional single-core vapor 
chamber (VC) to the cascaded multi-core vapor chamber (CMVC). 
IV. CONCLUSION 
A cascaded multi-core vapor chamber (CMVC), integrated 
into the lid of a heterogeneous package for the simultaneous 
intra-package spreading of high heat fluxes and dissipating high 
total powers, is optimized and evaluated relative to existing heat 
spreaders. The CMVC comprises a single-core vapor chamber 
having a relatively thick wick that is capable of managing high 
total heat loads and spreads them to the base of the mounted 
heat sink. This single-core vapor chamber is stacked on an array 
of smaller footprint vapor cores designed to spread multiple 
arbitrarily distributed high flux hotspots before they enter the 
top vapor chamber. Attenuation of the hotspot heat fluxes 
within the bottom tier array, which have relatively thin wicks, 
thereby avoids the large thermal resistance that would be 
otherwise incurred by directly subjecting the thick wick in the 
top tier to hotspots. Experiments conducted with commercial 
vapor chambers confirm the enhancement in the performance 
of a given vapor chamber through successive stacking of vapor 
chambers with increasing footprints, thereby motivating the 
CMVC concept. An experimentally validated reduced-order 
model is used to estimate the performance of the CMVC, as 
well as to survey the design space to minimize its thermal 
resistance. The wick properties and geometric parameters of the 
CMVC are varied to optimize the thermal performance of the 
CMVC for the representative power map. The optimized intra-
lid cascaded multi-core vapor chamber is predicted to provide 
a significant reduction in thermal resistance compared to solid 
copper heat spreaders and conventional single-core vapor 
chambers. This optimization process revealed the higher 
sensitivity of the optimized thermal resistance with respect to 
wick porosity compared to the particle diameter. Importantly, 
the parametric optimization of the CMVC design for the single 
power map in the present study reveals the existence of the wide 
range of wick properties and vapor core dimensions that 
provided near-optimal performance. This indicates the 
adaptability of the concept of using a cascade of vapor 
chambers for differing power maps comprising multiple 
characteristic heat flux levels. 
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